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In supersymmetric models with an unbroken R-symmetry (rather than only R-parity), the neu-
tralinos are Dirac fermions rather than Majorana. In this article, we discuss the phenomenology of
neutralino dark matter in such models, including the calculation of the thermal relic abundance, and
constraints and prospects for direct and indirect searches. Due to the large elastic scattering cross
sections with nuclei predicted in R-symmetric models, we are forced to consider a neutralino that
is predominantly bino, with very little higgsino mixing. We find a large region of parameter space
in which bino-like Dirac neutralinos with masses between 10 and 380 GeV can annihilate through
slepton exchange to provide a thermal relic abundance in agreement with the observed cosmolog-
ical density, without relying on coannihilations or resonant annihilations. The signatures for the
indirect detection of Dirac neutralinos are very different than predicted in the Majorana case, with
annihilations proceeding dominately to τ+τ−, µ+µ− and e+e− final states, without the standard
chirality suppression. And unlike Majorana dark matter candidates, Dirac neutralinos experience
spin-independent scattering with nuclei through vector couplings (via Z and squark exchange), lead-
ing to potentially large rates at direct detection experiments. These and other characteristics make
Dirac neutralinos potentially interesting within the context of recent direct and indirect detection
anomalies. We also discuss the case in which the introduction of a small Majorana mass term breaks
the R-symmetry, splitting the Dirac neutralino into a pair of nearly degenerate Majorana states.
PACS numbers: 95.35.+d, 14.80.Ly; FERMILAB-PUB-13-256-A, UH511-1213-2013, CETUP2013-002
I. INTRODUCTION: DIRAC NEUTRALINOS
AS DARK MATTER
In addition to offering a solution to the electroweak
hierarchy problem and enabling gauge coupling unifica-
tion, weak-scale supersymmetry has been motivated by
its ability to provide a viable dark matter candidate in
the form of the lightest supersymmetric particle (LSP).
The lightest neutralino, in particular, has received a great
deal of attention within this context [1]. In the mini-
mal supersymmetric standard model (MSSM), the light-
est neutralino is a Majorana fermion, and is a mixture of
the superpartners of the neutral gauge and Higgs bosons.
As a consequence of recent null results from the Large
Hadron Collider (LHC) and direct dark matter searches,
however, much of the parameter space of the MSSM has
been ruled out (for recent studies, see Refs. [2–7]). For
these and other reasons, an increasing amount of inter-
est has been directed toward alternative realizations of
weak-scale supersymmetry.
Among other possibilities are low-energy supersym-
metric models in which the commonly assumed R-parity
is extended to a symmetry (or, in other words, supersym-
metric models in which the underlying R-symmetry is not
broken to a parity). A number of attractive features can
be found in such R-symmetric supersymmetric models.
Most practically, the LHC’s sensitivity to squark produc-
tion can be significantly reduced in R-symmetric models,
enabling first and second generation squarks as light as
∼700 GeV to have escaped detection [8]. Furthermore, a
variety of flavor observables are much less constraining in
R-symmetric models than in the MSSM. Whereas in the
MSSM, such observations force one to consider supersym-
metry breaking scenarios which are approximately mini-
mally flavor violating (a fact known as the supersymmet-
ric flavor problem), order unity flavor violating couplings
are allowed in R-symmetric models [9, 10]. The degree
of electroweak fine tuning required in R-symmetric mod-
els can also be reduced relative to that found in more
traditional supersymmetric frameworks [11].
The phenomenology of neutralino dark matter is very
rich and interesting in R-symmetric models [12–14]. As
a consequence of the R-symmetry, gauginos cannot ac-
quire Majorana masses, and thus must instead be Dirac
particles. This requires new chiral superfields in ad-
joint representations of the standard model gauge groups,
which combine with the Majorana gauginos to form Dirac
states. In terms of annihilation and scattering with nu-
clei, Dirac particles can behave quite differently than Ma-
jorana dark matter candidates. In particular, whereas
the cross section for Majorana fermions annihilating to
fermion-antifermion pairs at rest (such as in the halo of
the Milky Way) is generically suppressed by a factor of
m2f/m
2
χ, Dirac particles do not experience such chiral-
ity suppression [12–15]. This opens the possibility that
the dark matter may be annihilating efficiently to light
fermion final states, including e+e−, µ+µ−, or νν¯, with
important implications for indirect searches. Further-
more, unlike Majorana particles, Dirac neutralinos can
scatter coherently (i.e. through spin-independent intera-
tions) with nuclei through vector couplings [12–14]. To
evade the constraints from XENON100 and other direct
detection experiments, we must suppress the Dirac neu-
tralino’s coupling to the Z (by ensuring very little mix-
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2ing with the higgsinos) and require that the squarks be
quite heavy. This forces us toward a region of parameter
space in which the LSP is a highly bino-like Dirac neu-
tralino, annihilating largely through slepton exchange to
electrons, muons, taus, and neutrinos. We will show that
Dirac binos with masses in the range of approximately 10
GeV to 380 GeV (and higher if neutralino-slepton coan-
nihilations are efficient) can provide a thermal relic abun-
dance that is in agreement with the observed cosmologi-
cal density of dark matter.
Much of the dark matter phenomenology described in
the previous paragraph can be altered significantly if the
R-symmetry is even slightly broken, leading to a mass
splitting between the two Majorana states which con-
stitute our Dirac neutralino. In this pseudo-Dirac case,
the Majorana nature of the LSP is restored for the pur-
poses of indirect detection, once again suppressing the
low-velocity annihilation cross section to light fermions.
Furthermore, pseudo-Dirac neutralinos can scatter with
nuclei through vector couplings only inelastically, by
upscattering the lightest Majorana neutralino into the
slightly heavier state. If the mass splitting between these
Majorana states is less than ∼0.5-5 keV, the dark matter
will behave as a Dirac particle for the purposes of direct
detection, while for mass splittings larger than ∼20-200
keV, the Majorana-like behavior of the MSSM will be re-
stored. In the intermediate range, with mass splittings
of ∼1-100 keV, the event rates at direct detection exper-
iments will depend sensitively on the mass of the target
nuclei and on the velocity of the incoming particle. For
roughly GeV-scale mass splittings or less, δmχ <∼ mχ/20,
the freeze-out of our dark matter candidate will proceed
largely as predicted for a Dirac state, while significantly
larger splittings restore the MSSM-like Majorana behav-
ior.
In this article, we explore the dark matter phenomenol-
ogy of Dirac and pseudo-Dirac neutralinos. In Sec. II,
we briefly introduce supersymmetric models with an R-
symmetry. In Sec. III we calculate the elastic scattering
cross section of a Dirac neutralino and compare this to
the current and projected sensitivities of direct detection
experiments. In Sec. IV, we calculate the annihilation
cross section for a bino-like Dirac neutralino, and eval-
uate the thermal relic abundance predicted for such a
particle. Using the results of that section, we proceed
in Sec. V to discuss the implications for indirect detec-
tion. In Sec. VI, we briefly comment on Dirac neutralinos
within the context of recent direct and indirect detection
anomalies. In Sec. VII, we extend our discussion to the
case of a pseudo-Dirac neutralino, with small Majorana
masses. In Sec. VIII, we summarize our results and con-
clusions.
II. R-SYMMETRIC SUPERSYMMETRY
Despite the fact that the supersymmetry algebra ex-
plicitly contains a continuous R-symmetry, this symme-
try is almost universally assumed throughout the litera-
ture to be broken down a Z2 parity. This is at least in
part because, given the particle content of the MSSM, an
unbroken R-symmetry forbids masses for both gauginos
and higgsinos (each of which carry non-zero R charge),
and is thus clearly in conflict with observation. If degrees-
of-freedom beyond those described by the MSSM are in-
troduced, however, such obstacles can be circumvented.
In particular, although the inclusion of a µ-term is pro-
hibited by the R-symmetry, we can still generate masses
for the higgsinos if the Higgs sector is enlarged to include
the multiplets Ru and Rd, each with R-charge of +2, and
which transform in the same way as Hd and Hu under
SU(2)L × U(1)Y [9]. This allows for terms of the form
µuHuRu+µdHdRd in the R-symmetry preserving super-
potential. Unlike Hu and Hd, Ru and Rd do not partic-
ipate in electroweak symmetry breaking (they have zero
vacuum expectation values), but they do allow for the
generation of higgsino masses without breaking the R-
symmetry (alternatively, see Ref. [16, 17]. We note that
within the context of N = 2 supersymmetry, Hu and Ru
(or Hd and Rd) constitute a complete hypermultiplet.
In order to generate gaugino masses in an R-symmetric
model, the gauginos must be Dirac fermions. This
can be arranged by pairing up the gauginos with addi-
tional degrees-of-freedom, such as combining the Majo-
rana gluinos of the MSSM with an additional color octet
to yield Dirac gluinos, and combining Majorana binos
and winos with a U(1)Y singlet (B
′) and a SU(2)L triplet
(W ′), each with R = 0, respectively [18, 19]. Such addi-
tional particle content in the weak-scale spectrum can be
motivated in models of N = 2 supersymmetry [20]. In
that case, the gauginos and the new adjoint states form
a complete N = 2 vector multiplet.
Although a number of seemingly viable models with
Dirac gauginos have been proposed in the literature [11,
16, 18, 19, 21–29], for concreteness we consider a model
with the standard kinetic potential and the following su-
perpotential:
W =
∫
d2θ
[
yuQU
cHu + ydQD
cHd + yeLE
cHd
+ µuHuRu + µdHdRd +
1√
2
g′B′(−HdRd +HuRu)
+
√
2gW ′i (HdσiRd +HuσiRu)
]
+ h.c. (1)
Here, σi are the SU(2)L generators, and we have sup-
pressed the flavor structure. The most general R-
symmetry preserving supersymmetry breaking sector is
limited to the following “supersoft” terms [11]:
L /SUSY = m1B˜B˜′ +m2W˜W˜ ′ +m3G˜G˜′ +BµHuHd
+
∑
scalars
m2φ φ
∗φ, (2)
where the sum runs over all of the scalars in the spectrum,
including the new states in the chiral adjoint representa-
tions.
3After electroweak symmetry breaking, the Dirac neutralino mass matrix is given by:
(
B˜′ W˜ ′ H˜d H˜u
) m1 0 −mZsW cosβ mZsW sinβ0 m2 mZcW cosβ −mZcW sinβ−mZsW cosβ mZcW cosβ −µd 0
mZsW sinβ −mZcW sinβ 0 −µu


B˜
W˜
R˜d
R˜u
 ,
where sW and cW are the sine and cosine of the Weinberg
angle. Although this matrix is similar to that found for
Majorana neutralinos in the MSSM, notice that the µd
and µu terms now each appear on diagonal entries.
In additional to Dirac gaugino masses and the ex-
tended Higgs sector, we note that both A-terms and
µ-terms are forbidden in R-symmetric supersymmetry
models and thus there is no left-right sfermion mixing.
In the following four sections, we will consider the case
in which the R-symmetry is unbroken, and then extend
our discussion in Sec. VII to include the possibility of a
broken R-symmetry with non-zero Majorana mass terms.
III. ELASTIC SCATTERING AND DIRECT
DETECTION
In the MSSM, Majorana neutralinos undergo spin-
independent (coherent) scattering with nuclei via both
scalar Higgs and squark exchange, and spin-dependent
scattering through exchange of the Z. In the case of a
Dirac neutralino, however, the vector interaction of the
Z exchange instead leads to a spin-independent interac-
tion. As we will see, the elastic scattering cross section
induced by this process (as well as by squark exchange)
can be quite large, leading to significant constraints from
direct detection experiments.
A. Z Exchange
The spin-independent scattering cross section can be
written in terms of the spin-averaged squared matrix el-
ement:
σSI =
µ2
16pim2χm
2
A
1
4
∑
spins
|M|2
 , (3)
where µ is the reduced mass and mA is the mass of the
target nucleus. The effective operator for dark matter
scattering through Z-exchange can be written as:
OZ = λχV λqV (1/m2Z)(χ¯γµχ)(q¯γµq)
+ λχV λqA(1/m
2
Z)(χ¯γ
µχ)(q¯γµγ
5q)
+ λχAλqV (1/m
2
Z)(χ¯γ
µγ5χ)(q¯γµq)
+ λχAλqA(1/m
2
Z)(χ¯γ
µγ5χ)(q¯γµγ
5q), (4)
where
λqV =
g
cos θW
[T 3qL − 2Qq sin2 θW ]
λqA =
g
cos θW
[−T 3qL]
λχV =
g
cos θW
[T 3χR + T
3
χL]
λχA =
g
cos θW
[T 3χR − T 3χL]. (5)
Only the first term in Eq. (4) contributes to spin-
independent scattering in the low-velocity limit. This
yields a squared matrix element (spin-averaged) given
by:
1
4
∑
spins
|MSI |2 (6)
' 16m
2
χm
2
A
m4Z
λ2χV
[∑
q
λqV [ZB
p
qV + (A− Z)BnqV ]
]2
,
where BpuV = B
n
dV = 2 and B
n
uV = B
p
dV = 1. Z
and A correspond to the atomic number and atomic
mass of the target nucleus. This leads to a Z-induced
spin-independent cross section with protons and neutrons
given by:
σ(Z)χp '
µ2g4 (0.5− 2 sin2 θW )2
pi cos4 θWm4Z
[
|N13|2 − |N14|2
]2
(7)
' 6.0× 10−44 cm2 ×
(
µ
mp
)2( |N13|2 − |N14|2
0.01
)2
and
σ(Z)χn '
µ2g4
4pi cos4 θWm4Z
[
|N13|2 − |N14|2
]2
(8)
' 1.0× 10−41 cm2 ×
(
µ
mn
)2( |N13|2 − |N14|2
0.01
)2
,
where Nij are elements of the matrix the diagonalizes the
neutralino mass matrix given in Sec. II. The quantities
|N13|2 and |N14|2 describe the fraction of the lightest
neutralino’s composition that is made up of higgsinos.
These cross sections are quite large, and are highly
constrained by existing direct detection experiments. In
Fig. 1, we plot this contribution to the spin-independent
elastic scattering cross section (per nucleon, for the case
of a xenon target) as red solid lines, for values corre-
sponding to |N13|2 − |N14|2 = 10−3 (upper) and 10−4
4FIG. 1: The elastic scattering cross section per nucleon for a Dirac neutralino with a xenon target, due to Z-exchange and
squark exchange processes. Results are shown for two choices of the higgsino content (|N13|2 − |N14|2 = 10−3 and 10−4, upper
and lower solid red lines, respectively) and three choices of the squark mass (mq˜ = 1, 2, and 5 TeV, from top-to-bottom).
For mχ >∼ 20 GeV, present constraints from XENON100 [30] exclude a Dirac neutralino dark matter candidate unless the
magnitude of its higgsino component is very small (corresponding to µu,d× (100 GeV/mχ) >∼ 2 TeV) and the squarks are quite
heavy (>∼2 TeV). The projected sensitivity of LUX [32] and XENON1T [33] will extend this reach to values of µu,d and mq˜ as
high as ∼5 TeV. See text for details.
(lower). The current constraint from the XENON100 ex-
periment [30] already excludes dark matter in the form
of a Dirac neutralino unless the magnitude of its hig-
gsino component is very small (corresponding roughly to
µu,d× (100 GeV/mχ) >∼ 2 TeV), or the neutralino is very
light. In the future, experiments such as LUX [32] and
XENON1T [33] will become even more sensitive to Dirac
neutralinos and other Dirac dark matter candidates with
non-zero couplings to the Z. Neutrino detectors look-
ing for annihilation of dark matter in the Sun also place
limits on the annihilation channels [31], however, for the
models presented in this paper, the direct detection limits
are more stringent.
B. Squark Exchange
In a case in which the Dirac neutralino has very little
higgsino content, thus suppressing its coupling to the Z,
one still must be mindful of the potentially large spin-
independent scattering cross section induced by squark
exchange. Unlike in the case of a Majorana neutralino,
the process of a Dirac particle scattering via squark ex-
change does not require a spin-flip, thus avoiding the m2q
suppression exhibited in the MSSM with minimal flavor
violation.
The Lagrangian for the bino-quark-squark interaction
is given by
L ⊇
√
2g′ Yq(χPL/Rq¯)q˜R/L + h.c., (9)
where Yq is the hypercharge of the quark and PR/L is the
right- or left-projection operator. The effective operator
for a light quark/bino scattering interaction is then
Leff =
2g′2Y 2q
m2q˜
[
χ¯PR/Lq
] [
q¯PL/Rχ
]
. (10)
Expanding out the 4-fermion operator (assuming PR/PL
for the moment), and applying the Fierz transforma-
tions [34], we arrive at:
[χ¯PRq] [q¯PLχ] =
1
4
(
[χ¯q][q¯χ] + [χ¯γ5q][q¯χ]− [χ¯q][q¯γ5χ]− [χ¯γ5q][q¯γ5χ]) (11)
=
1
2
[q¯γµPRq][χ¯γµPLχ].
Thus, the Lagrangian for this interaction is
Leff =
g′2Y 2q
m2q˜
[
q¯γµPL/Rq
] [
χ¯γµPR/Lχ
]
, (12)
and the spin-independent interaction is determined by
5the vector piece:
LSI =
(
g′2Y 2qL
4m2q˜L
+
g′2Y 2qR
4m2q˜R
)
[q¯γµq] [χ¯γµχ] . (13)
For a vector interaction, the squark-induced cross section
for protons/neutrons is given by:
σp,n =
µ2
pi
f2p,n, (14)
where
fp = 2×
(
Y 2uL
4m2u˜L
+
Y 2uR
4m2u˜R
)
+
(
Y 2dL
4m2
d˜L
+
Y 2dR
4m2
d˜R
)
(15)
fn =
(
Y 2uL
4m2u˜L
+
Y 2uR
4m2u˜R
)
+ 2×
(
Y 2dL
4m2
d˜L
+
Y 2dR
4m2
d˜R
)
.
Assuming a common squark mass, mq˜, this yields a spin-
independent elastic scattering cross section given by:
σ(q˜)χp =
g′4µ2
4pim4q˜
[(
1
36
+
4
9
)
+
1
2
(
1
36
+
1
9
)]2
≈ (1.1× 10−43 cm2)( µ
mp
)2(
1 TeV
mq˜
)4
and
σ(q˜)χn =
g′4µ2
4pim4q˜
[
1
2
(
1
36
+
4
9
)
+
(
1
36
+
1
9
)]2
≈ (5.5× 10−44 cm2)( µ
mn
)2(
1 TeV
mq˜
)4
.
This result is shown for the case of a xenon target in
Fig. 1. Present constraints require mq˜ >∼ 1.5 − 2.2 TeV,
depending on the mass of the bino. Taken together with
the contribution from Z-exchange, we find that in order
for a Dirac neutralino to evade existing constraints from
XENON100 and other direct detection experiments, the
neutralino must possess very little higgsino content (be
almost a pure gaugino) and the squark masses must be
quite heavy (unless the neutralino is rather light, mχ <∼
20 GeV).
Since the Z- and squark-exchange processes each con-
tribute to an effective operator of the form χ¯γµχq¯γµq,
they will interfere. As the interference terms will be im-
portant only if the amplitudes for these processes are co-
incidentally similar, we do not calculate them explicitly.
Furthermore, it is not possible for significant destructive
interference to occur for interactions with both protons
and neutrons.
C. Higgs Exchange
For Higgs exchange, the effective scattering operator
can be written as
Oh = λχhλqh(1/m2h)(χ¯χ)(q¯q) (16)
where λqh = mq/v and v ' 246 GeV is the vacuum
expectation value of the Higgs field.
The squared matrix element (spin-averaged) is then
given by
1
4
∑
spins
|MSI |2 (17)
' 16m
2
χm
2
A
m4h
λ2χh
[∑
q
λqh[ZB
p
qS + (A− Z)BnqS ]
]2
,
where BpuS = B
n
dS ∼ 6 and BnuS = BndS ∼ 4. This con-
tribution will almost invariably be subdominant to those
from Z and squark exchange.
In the next section, we will consider the annihilation
cross section for a Dirac neutralino and calculate the
thermal relic abundance of such a dark matter candi-
date. We focus in particular on those scenarios found in
this section to be consistent with existing direct detection
constraints.
IV. ANNIHILATION AND RELIC ABUNDANCE
Under standard cosmological assumptions, a single
particle species with a ∼GeV-TeV scale mass will freeze-
out of thermal equilibrium with a relic abundance ap-
proximately given by:
Ωχh
2 ≈ 1.04× 10
9
MPl
xF√
g?
1
〈σv〉
≈ 0.12
(
3× 10−26 cm3/s
〈σv〉
)
, (18)
where MPl is the Planck mass, xF = mχ/TFO is the ra-
tio of the neutralino mass to the freeze-out temperature,
g? is the number of degrees of freedom at the temper-
ature of freeze-out, and 〈σv〉 is the thermally averaged
annihilation cross section evaluated at the temperature
of freeze-out. Writing the annihilation cross section as
an expansion in powers of velocity, σv = a+ bv2 +O(v4),
the thermal average at freeze-out is well approximated
by 〈σv〉 ' a + 3b/xF (xF ≈ 20 for typical weakly inter-
acting massive particles). For an up-to-date and detailed
treatment of dark matter freeze-out, see Ref. [35].
For a Dirac neutralino, we can write the effective
annihilation cross section in terms of the annihilation
cross sections between the two degenerate Majorana
states [36]:
σEff =
1
4
σ11 +
1
2
σ12 +
1
4
σ22 (19)
where σij denotes the annihilation (or coannihilation)
cross section between Majorana mass eigenstates i and
j.
Given the constraints found in the last section, we fo-
cus here on the case of a Dirac neutralino with very little
6higgsino content; in particular a nearly-pure bino (al-
though a Dirac wino LSP is also a possibility, its anni-
hilation cross section is too large to avoid being under-
produced in the early Universe, unless very heavy). For
a Dirac bino, the process of neutralino annihilation is
dominated by t-channel sfermion exchange. Once the di-
rect detection constraint on the squark masses is taken
into account, we find that the annihilations must proceed
largely to lepton pairs, via slepton exchange.
To determine the thermal relic abundance of dark mat-
ter in this scenario, we calculate the relevant cross sec-
tions. Like-type annihilations (1-1 or 2-2) are very similar
to the standard MSSM-like case, with matrix elements
given by:
M11 = −1
4
λ2LA1
(
cos2 α
M21 − t
+
sin2 α
M22 − t
− cos
2 α
M21 − u
− sin
2 α
M22 − u
)
[v¯(p2)γ
µu(p1)][u¯(k1)γµPLv(k2)] (20)
−1
4
λ2LA1
(
cos2 α
M21 − t
+
sin2 α
M22 − t
+
cos2 α
M21 − u
+
sin2 α
M22 − u
)
[v¯(p2)γ
µγ5u(p1)][u¯(k1)γµPLv(k2)]
−1
4
λ2RA2
(
sin2 α
M21 − t
+
cos2 α
M22 − t
− sin
2 α
M21 − u
− cos
2 α
M22 − u
)
[v¯(p2)γ
µu(p1)][u¯(k1)γµPRv(k2)]
+
1
4
λ2RA2
(
sin2 α
M21 − t
+
cos2 α
M22 − t
+
sin2 α
M21 − u
+
cos2 α
M22 − u
)
[v¯(p2)γ
µγ5u(p1)][u¯(k1)γµPRv(k2)]
+
1
2
λLλRA3 sinα cosα
(
1
M21 − t
− 1
M22 − t
+
1
M21 − u
− 1
M22 − u
)
[v¯(p2)PRu(p1)][u¯(k1)PRv(k2)]
+
1
2
λLλRA3 sinα cosα
(
1
M21 − t
− 1
M22 − t
+
1
M21 − u
− 1
M22 − u
)
[v¯(p2)PLu(p1)][u¯(k1)PLv(k2)]
+
1
8
λLλRA3 sinα cosα
(
1
M21 − t
− 1
M22 − t
− 1
M21 − u
+
1
M22 − u
)
[v¯(p2)σ
µνu(p1)][u¯(k1)σµνPRv(k2)]
+
1
8
λLλRA3 sinα cosα
(
1
M21 − t
− 1
M22 − t
− 1
M21 − u
+
1
M22 − u
)
[v¯(p2)σ
µνu(p1)][u¯(k1)σµνPLv(k2)],
where
λL = − g
′
√
2
λR = −
√
2g′
A1 = (cos θ
∗ −AL sin θ∗)2
A2 = (cos θ
∗ −AR sin θ∗)2
A3 = (cos θ
∗ −AL sin θ∗)(cos θ∗ −AR sin θ∗)
t = (p1 − k1)2 = m2χ1 +m2f −
s
2
1−
√
1− 4m
2
f
s
√
1− 4m
2
χ1
s
cos θ

u = (p1 − k2)2 = m2χ1 +m2f +
s
2
1−
√
1− 4m
2
f
s
√
1− 4m
2
χ1
s
cos θ
 .
In the above, M1 and M2 are the mass eigenstates of the
exchanged sleptons or squarks (not to be confused with
the bino or wino masses, m1 and m2), and α is the mixing
angle between those two states (when cosα = 1, M1 and
M2 are the masses of the left-handed and right-handed
sfermions, respectively). mχ1 is the mass of the lightest
neutralino. In Sec. VII, we will consider the case in which
the R-symmetry is broken, splitting the Dirac neutralino
into two quasi-degenerate Majorana states, with masses
mχ1 and mχ2 . θ is the physical angle between the incom-
ing dark matter and the outgoing fermions, not to be con-
fused with the mixing angle θ∗ which mixes the standard
Majorana bino with the “right-handed bino”, which has
couplings of −√2g′ 12AL and −
√
2g′AR to left- and right-
handed sfermions. In the case of N=2 supersymmetry,
AR and AL are each set to zero. The standard (MSSM-
7like) case is recovered for sin θ∗ = 1, while the Dirac case
corresponds to sin θ∗ = 1/
√
2. The matrix element for 2-
2 scattering, M22, is the same as for M11, after making
the substitutions cos θ∗ → sin θ∗, sin θ∗ → − cos θ∗, and
mχ1 ↔ mχ2 .
The matrix element for the coannihilation between the
two Majorana states is given by:
M12 = −1
2
λ2LB1
(
cos2 α
M21 − t
+
sin2 α
M22 − t
+
cos2 α
M21 − u
+
sin2 α
M22 − u
)
[v¯(p2)γ
µu(p1)][u¯(k1)γµPLv(k2)]
−1
2
λ2LB1
(
cos2 α
M21 − t
+
sin2 α
M22 − t
− cos
2 α
M21 − u
− sin
2 α
M22 − u
)
[v¯(p2)γ
µγ5u(p1)][u¯(k1)γµPLv(k2)]
−1
2
λ2RB2
(
sin2 α
M21 − t
+
cos2 α
M22 − t
+
sin2 α
M21 − u
+
cos2 α
M22 − u
)
[v¯(p2)γ
µu(p1)][u¯(k1)γµPRv(k2)]
+
1
2
λ2RB2
(
sin2 α
M21 − t
+
cos2 α
M22 − t
− sin
2 α
M21 − u
− cos
2 α
M22 − u
)
[v¯(p2)γ
µγ5u(p1)][u¯(k1)γµPRv(k2)]
+λLλR sinα cosα
(
B3
M21 − t
− B3
M22 − t
− B4
M21 − u
+
B4
M22 − u
)
[v¯(p2)PRu(p1)][u¯(k1)PRv(k2)]
+λLλR sinα cosα
(
B4
M21 − t
− B4
M22 − t
− B3
M21 − u
+
B3
M22 − u
)
[v¯(p2)PLu(p1)][u¯(k1)PLv(k2)]
+
1
4
λLλR sinα cosα
(
B3
M21 − t
− B3
M22 − t
+
B4
M21 − u
− B4
M22 − u
)
[v¯(p2)σ
µνu(p1)][u¯(k1)σµνPRv(k2)]
+
1
4
λLλR sinα cosα
(
B4
M21 − t
− B4
M22 − t
+
B3
M21 − u
− B3
M22 − u
)
[v¯(p2)σ
µνu(p1)][u¯(k1)σµνPLv(k2)]
where
B1 = (cos θ
∗ −AL sin θ∗)(sin θ∗ +AL cos θ∗)
B2 = (cos θ
∗ −AR sin θ∗)(sin θ∗ +AR cos θ∗)
B3 = (cos θ
∗ −AL sin θ∗)(sin θ∗ +AR cos θ∗)
B4 = (cos θ
∗ −AR sin θ∗)(sin θ∗ +AL cos θ∗)
t = (p1 − k1)2 = m2f +m2χ1 −
1
2
s+m2χ1 +m2χ2 −
√
1− 4m
2
f
s
√
s(s− 2(m2χ1 +m2χ2) + (m2χ1 −m2χ2)2 cos θ

u = (p1 − k2)2 = m2f +m2χ1 −
1
2
s+m2χ1 +m2χ2 +
√
1− 4m
2
f
s
√
s(s− 2(m2χ1 +m2χ2) + (m2χ1 −m2χ2)2 cos θ
 .
The annihilation cross section for any one of these pro-
cesses is given by:
dσχχ→ff¯
d cos θ
vrel =
Nc ~k
64piE3
[
1
4
∑
spins
|M|2
]
(21)
=
Nc
64pi(m2χ + ~p
2)
[
1
4
∑
spins
|M|2
]√
1− m
2
f
m2χ + ~p
2
,
where Nc = 1 (3) for annihilations to leptons (squarks).
In Fig. 2, we plot the thermal relic abundance of a
bino-like Dirac neutralino annihilating through slepton
exchange, for several values of the mass of the lightest
neutralino (10, 30, 100, 300, and 380 GeV), and as a
function of the lightest stau mass. In each frame, the
solid line denotes the result including all three flavors of
charged sleptons and sneutrinos, with M2 = 1.1M1. The
dashed lines, in contrast, include only annihilations me-
diated by staus and tau sneutrinos. Also shown in each
frame of Fig. 2 is the range of relic abundances predicted
for a bino-like Majorana neutralino in the MSSM. To gen-
erate these bands, we varied the quantity (Aτ + µ tanβ)
betweeen 450 and 105 GeV, and the ratio ML/MR be-
tween 1.1 and 5. Recall that, as there is no left-right
sfermion mixing in R-symmetric models, α = 0 in the
Dirac case.
8FIG. 2: The thermal relic abundance of a Dirac bino, for several values of mχ (10, 30, 100, 300 and 380 GeV), as a function of
the lightest stau mass. The solid lines acount for annihilations through all three families of charged sleptons and sneutrinos,
while the dashed lines include only the staus and tau sneutrinos. The red bands represent the predictions for a Majorana bino,
over a wide range of MSSM parameters. For a Dirac bino with a mass in the range of mχ ≈ 10− 380 GeV, the observed dark
matter abundance can be accommodated. No coannihilations have been included in these calculations. See text for details.
9Searches at LEP and the LHC have provided lower lim-
its for the various slepton masses relevant for these anni-
hilation processes. LEP restricts staus to masses greater
than 86 GeV, and smuons and selectrons to 100 GeV or
higher (assuming, in each case, that sleptons decay to a
lepton of the same flavor and a light neutralino) [37]. The
stau constraint is shown in Fig. 2. The LHC is most sen-
sitive to left-handed smuons and selectrons, which they
currently constrain to masses heavier than approximately
300 GeV [38]. For right-handed sleptons, which provide
the largest contributions to the neutralino’s annihilation
cross section (due to their larger hypercharge), the cur-
rent bounds are much weaker [39].
From Fig. 2, we see that Dirac bino-like neutralinos
always annihilate more efficiently than their Majorana
counterparts. And whereas Majorana binos can only
yield the desired thermal relic abundance for masses in
the range of mχ ∼ 25− 100 GeV, we can find viable pa-
rameter space in the Dirac case for a much wider range
of masses, mχ ∼ 10 − 380 GeV. Note that in these cal-
culations we have not included coannihilations between
the LSP and sleptons, which could lead to significantly
lower relic abundances if their masses are degenerate to
within approximately ∼10% or less.
In Fig. 3 we show the relic abundance obtained for a
Dirac neutralino, with all slepton masses set to their min-
imum allowed values. In particular, we have set both stau
masses to 86 GeV, the right-handed smuon and selectron
masses to 100 GeV, and the left-handed smuon and selec-
tron masses to 300 GeV. Again, the solid and dashed lines
include all three generations of sleptons, and only third
generation sleptons, respectively. One should also keep
in mind that if any of the bino-lepton-slepton couplings
are flavor violating, lighter sleptons masses could be pos-
sible, allowing for even higher annihilation cross sections
and lower predictions for the thermal relic abundance.
For a Majorana bino-like neutralino, the annihilation
cross section to leptons through slepton exchange can be
constrained by measurements of the muon and electron
magnetic moments. In R-symmetric models, however,
such constraints are negligible. This is because the con-
tributions to (g−2) do not benefit from left-right slepton
mixing in R-symmetric models, and thus require a lep-
ton helicity-flip, suppressing the amplitude by a factor of
∼ ml/mχ.
V. IMPLICATIONS FOR INDIRECT
DETECTION
In the previous section, we found that a Dirac bino-
like neutralino will annihilate largely to charged lepton
pairs. If the stau, smuon and selectron masses are ap-
proximately equal, we expect Dirac neutralinos to an-
nihilate to roughly equal numbers of τ+τ−, µ+µ− and
e+e− final states, with a low-velocity annihilation cross
FIG. 3: The thermal relic abundance of a Dirac bino as a
function of mχ, with all slepton masses set to their minimum
values allowed by accelerator constraints. Again, the solid
and dashed lines include all three slepton generations and the
tau generation only, respectively. See text for details.
section (per generation) given by:
σl+l−v =
g′4m2χ
8pi
[
1
(m2
l˜R
+m2χ)
2
+
1
16 (m2
l˜L
+m2χ)
2
]
≈ 1.3× 10−26 cm3/s
(
mχ
100 GeV
)2
×
(
(100 GeV)2 + (250 GeV)2
m2
l˜
+m2χ
)2
. (22)
We also note that as the terms of the annihilation cross
section proportional to velocity squared (σv ∝ v2) are
opposite in sign to the low-velocity terms, a mild can-
cellation occurs in the relic abundance calculation. As
a result, models which predict the desired thermal relic
abundance have a low-velocity cross section that is ap-
proximately 20% larger than the canonical expectation
for a simple relic (20% larger than ' 3 × 10−26 cm3/s),
somewhat enhancing the prospects for indirect detection.
These results are in stark contrast to the dominant
(low-velocity) annihilation channels predicted for Majo-
rana neutralinos, which consist almost entirely of heavy
fermions (bb¯, tt¯, τ+τ−), and/or combinations of gauge
and Higgs bosons (W+W−, ZZ, ZH, Zh, W±H∓, HA,
hA). The prediction of annihilations to leptonic and
roughly flavor-democratic final states has a number of
significant implications for indirect searches:
• Annihilations to e+e− are predicted to lead to a
distinctive edge-like feature in the spectra of cos-
mic ray electrons and positrons, even after energy
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losses and other propagation effects are taken into
account [40]. The lack of such a feature in the
positron fraction measured by the AMS experiment
significantly constrains such annihilations. For ex-
ample, an annihilation cross section of 10−26 cm3/s
to e+e− requires mχ >∼ 60 GeV [41].
• Constraints from measurements of cosmic ray an-
tiprotons are very weak for Dirac neutralinos, as
annihilations to leptonic channels do not contribute
to this signal.
• The gamma-ray spectrum produced from Dirac
neutralino annihilations is dominated by the de-
cays of tau leptons, which yield a much harder
spectrum than most other annihilation channels.
Constraints from observations of dwarf spheroidal
galaxies [42, 43] and the Galactic Center [44] from
the Fermi gamma-ray space telescope limit mχ >∼
10 GeV for σv ' 10−26 cm3/s to τ+τ−.
• Annihilations to τ+τ− and νν¯ final states taking
place in the core of the Sun could produce a sig-
nificant flux of high-energy neutrinos, especially in
light of the large elastic scattering cross sections
with nuclei potentially expected for a Dirac neu-
tralino. Althought current limits do not seem to
constrain Dirac neutralinos [45, 46], future large-
volume, low-threshold experiments may be sensi-
tive to such particles, especially in the low-mass
range, which we will discuss further in the follow-
ing section.
VI. LIGHT DIRAC NEUTRALINOS AND
RECENT DIRECT AND INDIRECT DETECTION
ANOMALIES
In recent years, a number of direct detection exper-
iments have reported results which can be interpreted
as possible indications of dark matter scattering [47–53].
Collectively, these signals favor a dark matter particle
with a mass of ∼7-10 GeV and a spin-independent scat-
tering cross section of ∼ 2 × 10−41 cm2. In addition, a
spatially extended excess of gamma-rays observed from
the region of the Galactic Center and throughout the
Inner Galaxy can be explained by a dark matter parti-
cle with a similar mass, annihilating to τ+τ−, possibly
among other leptons [54–58]. While the large elastic scat-
tering cross section and leptonic annihilation channels
implied by these observations are not typically exhibited
by neutralinos within the context of the MSSM, Dirac
neutralinos in R-symmetric models can much more eas-
ily account for these signals.
To generate the spin-independent elastic scattering
cross section required to explain the reported direct de-
tection anomalies, we must consider a light neutralino
with a small, but not insignificant, higgsino fraction,
|N13|2 − |N14|2 ∼ 0.02 (corresponding to µu or µd ∼ 300
GeV). Although the coupling of a light neutralino to
the Z is constrained by LEP’s measurement of the in-
visible decay width, ΓZ→inv [37], the coupling required
to accommodate these anomalies is consistent with this
result (ΓZ→χχ < 3 MeV at the 95% confidence level,
which in the case of a Dirac neutralino corresponds to
|N13|2 − |N14|2 <∼ 0.06)[59].
In order for a ∼10 GeV Dirac neutralino to avoid ex-
ceeding the constraints from AMS [41], we must suppress
the annihilation cross section to e+e− by increasing the
mass of the selectrons to me˜ >∼ 200 GeV. In this case,
annihilations will proceed largely to taus and/or muons.
If the stau and smuon masses are not far above the min-
imum values allowed by LEP and the LHC, these anni-
hilation channels could potentially accommodate the ob-
served gamma-ray excess from the Galactic Center and
Inner Galaxy, while also generating an acceptable ther-
mal relic abundance.
VII. DIRAC OR PSEUDO-DIRAC?
Up to this point in our study, we have explicitly as-
sumed that R-symmetry is unbroken, and thus that our
neutralino dark matter candidate is a Dirac particle, with
no Majorana mass terms. This need not be the case, how-
ever, as small Majorana mass terms could slightly break
the R-symmetry [60, 61] without spoiling many of the
attractive features motivating such models [8–11]. And
although global supersymmetry breaking without break-
ing R-symmetry is not difficult to imagine (and may, in
fact, be preferable [62]), adjustments to the superpoten-
tial of supergravity which allow for the suppression the
cosmological constant appear to introduce a degree of R-
symmetry violation [63]. And while such R-symmetry
violation may originate within a hidden sector, anomaly
mediation is expected to transfer it to the low-energy
sparticle spectrum, spliting the Dirac neutralino into two
Majorana states with a mass difference of the following
order [64]:
δmχ ∼
αm3/2
4pi
(23)
∼ 60 MeV ×
(
m3/2
100 GeV
)
where m3/2 is the mass of the gravitino. As we will
show, such a mass splitting would restore the Majorana-
like nature of the LSP for the purposes of both direct
and indirect detection (although not necessarily for the
purposes of the relic abundance calculation). Bearing in
mind proposals for how such mass terms might be highly
suppressed [64–67], and given our limited understanding
of the cosmological constant problem, we remain agostic
about whether R-symmetry is likely to be a broken or un-
broken symmetry of nature. In this section we consider
calculations of the relic abudance, elastic scattering, and
indirect detection in the case in which the lightest neu-
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FIG. 4: Left: The thermal relic abundance of a 100 GeV pseudo-Dirac bino, for several values of the mass splitting between
the two Majorana fermions that make up the pseudo-Dirac state, δmχ = 0, 1, 3, 10, 30 GeV, as a function of the lightest stau
mass. Right: The thermal relic abundance as a function of the mass splitting. For δmχ  TFO, the relic abundance is the
same as in the pure Dirac case, while for δmχ >∼ TFO, the Majorana-like behavior is recovered. See text for details.
tralino is a pseudo-Dirac state of two quasi-degenerate
Majorana fermions.
A. Relic abundance of a pseudo-Dirac neutralino
We begin with an expression for the effective annihila-
tion cross section, accounting for annihilations and coan-
nihilations between the two quasi-degenerate Majorana
states, written as a function of x ≡ T/mχ [36]:
σEff(x) =
4
g2Eff
[
σ11 + 2σ12 (1 + ∆)
3/2 exp[−x∆] + σ22 (1 + ∆)3 exp[−2x∆]
]
, (24)
where ∆ = (mχ2−mχ1)/mχ1 is the fractional mass split-
ting between the two Majorana states. The effective
number of degrees of freedom is defined by:
gEff(x) = 2 + 2 (1 + ∆)
3/2 exp[−x∆]. (25)
The thermal average of the cross section is found by inte-
grating over the thermal history surrounding freeze-out:
Ia = xF
∫ ∞
xF
aEff x
−2dx, Ib = 2x2F
∫ ∞
xF
bEff x
−3dx,
(26)
where σEffv = aEff + bEffv
2. In terms of these quantities,
the thermal abundance of dark matter is given by
Ωχh
2 ≈ 1.04× 10
9
MPl
xF√
g?
1
(Ia + 3Ib/xF )
≈ 0.12
(
3× 10−26 cm3/s
Ia + 3Ib/sF
)
. (27)
If x∆ 1 (or equivalently, if δmχ  TFO), then the σ12
and σ22 contributions become exponentially suppressed,
and σEff ≈ σ11. If the mass splitting is comparable to or
smaller than the freeze-out temperature, however, these
additional terms can play an important role. The σ12
term, in particular, allows for efficient s-wave annihila-
tion to light fermion final states, without the (mf/mχ)
2
suppression that is exhibited by Majorana dark matter
candidates.
In Fig. 4, we show how the thermal relic abundance of
a pseudo-Dirac bino depends on the mass splitting be-
tween the two Majorana states. We find that for mass
splittings much smaller than the freeze-out temperature,
the resulting relic abundance is the same as in the pure
Dirac case. In contrast, if δmχ >∼ TFO, the lightest neu-
tralino freezes out like an isolated Majorana state.
B. Direct and indirect detection of a pseudo-Dirac
neutralino
If there is even a very small splitting between the
masses of the two Majorana fermions, the dark matter
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FIG. 5: Depending on the mass splitting between the two states which together constitute our Dirac neutralino dark matter
candidate, it may scatter with nuclei effectively as a single Dirac state, or scatter only inelastically as a pseudo-Dirac state, or
as an isolated Majorana state. For a xenon target, we show the thresholds for these scenarios, corresponding to dark matter
velocities of 100 km/s (lower) and 600 km/s (upper).
present in the Universe today will be overwhelmingly
dominated by the lightest of these states, as the lifetime
of the heavier state will almost certainly be short com-
pared to the age of the Universe. To estimate the lifetime
for χ2 → χ1, we consider the magnetic moment operator:
L ⊇ e
3
16pi2
δmχ
m˜2
χ¯2σ
µνχ1Fµν , (28)
where m˜ is the mass of the slepton running in the
loop, and the prefactor is estimated based on a loop-
suppression, three powers of the electromagnetic cou-
pling, and then dimension-counting. The width of the
decay is then given by:
Γ ≈ 1
16pi
δmχ
m2χ
|M|2 (29)
≈ 2α3 δm
3
χ
m˜4
m2χ
which leads to a lifetime of
Γ−1 = 1.4×10−4 s
(
1 MeV
δmχ
)3(
m˜
200 GeV
)4(
100 GeV
mχ
)2
.
(30)
Therefore, only for sub-eV mass splittings will the life-
time for this process be comparable to or longer than the
age of the Universe. For direct and indirect detection,
this has important implications:
• If the kinetic energy in a neutralino-nuclei scat-
tering event is unable to exceed the mass differ-
ence between the two Majorana states, the (spin-
dependent) scattering will proceed as if the neu-
tralino were an isolated Majorana state. If the
mass splitting is more modest, however, the light-
est neutralino may scatter inelastically and spin-
independently, transforming in the interaction into
the slightly heavier state [68]. In Fig. 5, we
show where the approximate boundaries for these
regimes lie, for the case of scattering with xenon nu-
clei. For the upper and lower boundaries shown, we
have taken velocities which approximately bracket
those present in the Galactic Halo, 600 km/s and
100 km/s, respectively.
• Without the presence of a significant population of
the heavier state, neutralinos annihilating in the
Galactic halo will behave as Majorana particles,
with the standard MSSM-like suppression for an-
nihilations to light fermions.
To summarize this section, a pseudo-Dirac neutralino
will maintain some elements of its Dirac-like nature, de-
pending on the size of the mass splitting. For δmχ >∼ eV,
the neutralinos behave like Majorana particles for the
purposes of indirect detection, while direct detection re-
tains much of its Dirac-like features for splittings as large
as δmχ ∼1-100 keV. For the calculation of the thermal
relic abundance, small splittings have little impact. Only
for mass splittings larger than the freeze-out tempera-
ture does the behavior significantly depart from that pre-
dicted in the pure-Dirac case.
VIII. SUMMARY AND CONCLUSIONS
In this paper, we have discussed the dark matter phe-
nomenology of Dirac neutralinos, as predicted in super-
symmetric models with an unbroken R-symmetry. Such
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scenarios are theoretically and phenomenologically well
motivated, and lead to a dark matter candidate with
many features that are very different from those exhib-
ited by the Majorana neutralinos found within the MSSM
and most other supersymmetric models. In particular:
• Dirac neutralinos undergo coherent (spin-
independent) scattering with nuclei as a result of
vector interactions with the Z and with squarks.
To evade current constraints from XENON100 and
other direct detection experiments, the lightest
neutralino must either be highly bino-like (with
little higgsino mixing) and the squarks must
be quite heavy (mq˜ >∼ 2 TeV), or the lightest
neutralino must be rather light, mχ <∼ 20 GeV.
• A bino-like Dirac neutralino with a mass in the
range of 10-380 GeV can annihilate through slepton
exchange to generate a thermal relic density con-
sistent with the observed dark matter abundance,
without relying on coannihilations or annihilations
near a resonance. Dirac neutralinos do not expe-
rience the chirality suppression predicted for Ma-
jorana dark matter candidates when annihilating
into light fermions.
• Dirac bino-like neutralinos annihilate largely to
charged leptons pairs, leading to indirect detection
signatures which are very different from those pre-
dicted for Majorana dark matter candidates. At
present, the strongest indirect detection constraints
come from the lack of spectral features observed
in AMS’s measurement of the cosmic ray positron
fraction.
• A number of recent direct and indirect detection
anomalies, potentially interpretable as signals of
∼7-10 GeV dark matter particles, can be accom-
modated by a Dirac neutralino. In particular, the
large elastic scattering cross section and leptonic
annihilation channels predicted in this model pro-
vide a good match to these signals.
• If the R-symmetry is slightly broken, the Dirac neu-
tralino may be split into two quasi-degenerate Ma-
jorana states. In this pseudo-Dirac case, some or
all of the Dirac-like nature of the dark matter phe-
nomenology can be altered, depending on the size
of the mass splitting.
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